Parametric modeling of non-stationary signals is addressed in this article. We present several models based on the characteristic features of the modelled signal, together with the methods for accurate estimation of model parameters. Non-stationary signals, viz. transient system response, speech phonemes, and electrocardiograph signal are fitted by these feature-based models.
Introduction
In the model-based signal processing approach, the signal is first fitted into a suitable model, and then this model is utilized for analysis, synthesis and various other signal processing tasks.
The signals that we deal with in real-life situations are often found to be non-stationary in nature [1] . The simplest kind of non-stationary signal is a transient signal which decays with time [2] . Natural speech signals are dominantly non-stationary, and the spectra of such signals often rapidly vary with time [3] . Biological and physiological signals are found to be distinctly non-stationary in their characteristics. The electrocardiograph (ECG) signals show sharp burst-type features [4] , and the electroencephalograph (EEG) and electromyography (EMG) signals show rapid variations of amplitude and frequency contents of the signal [5] .
Two general linear models for parametric representation of multicomponent non-stationary signals are the time-dependent autoregressive moving-average (ARMA) process [6] and the sum of modulated signals with time-variant amplitude and phase functions [7] . In each of the two representations, the time functions are replaced by some constant-coefficient polynomials of time, and the coefficients are estimated by some suitable techniques. It turns out that the estimation of parameters of each of the two general models is a difficult problem, and the presence of slight noise can even lead to grossly inaccurate results [8] .
As an alternative to general models, we propose feature-based models where the model captures the characteristic feature of a non-stationary signal. The complex exponential signal is extensively used for analysis of transient signals [9, 10] . The complex amplitude modulated (AM) and frequency modulated (FM) signal models are employed for analysis and synthesis of speech signals [11, 12, 13] . The AM sinusoidal model with exponential modulation function is fitted into the ECG signal [14, 15] . These are some of the feature-based models for non-stationary signals, which are proposed in recent time.
It is the purpose of the present article to review various parametric models for non-stationary signals.
In particular, we consider the models which are proposed based on some characteristic feature(s) of a modelled signal. We mention the salient points of estimation of parameters of each model giving emphasis on the procedures which are common among two or more cases. It is expected that a discussion of various feature-based non-stationary signal models in a unified manner will motivate introduction of more such models in future.
Complex Exponential Signal
The discrete-time signal [ ] x n consisting of M complex exponentials is given by 
where E denotes the expectation operation. Since the acf x r depends on both time n and lag k , the modelled signal is a non-stationary signal.
where ( ) L L = C a 0 (4) where
We solve the above equation by the singular value decomposition (SVD) technique in the total least squares (TLS) sense to obtain the vector L a , and form the polynomial equation as follows 
Complex AM Signal
The discrete-time signal [ ] x n consisting of M single-tone AM component signals is represented by
where the phase m ϕ are assumed to be i.i.d. random variables, and each uniformly distributed over
and the aacf x c of [ ] x n is expressed as
where 
which is a function of both time n and lag k , and the acf x r cannot be processed conveniently to estimate the parameters of the model. 
For 2 M = , the above expression becomes ( ) x n , which is an individual burst feature assumed to be separable on the timeaxis.
Model Fitting
Utilizing various feature-based models described above, we now illustrate model fitting of some natural signals which are non-stationary in nature.
Example 1 Transient Signal
A transient segment of voiced phoneme is fitted by the sum of exponential sinusoidal model which is a pair of complex conjugate exponentials. The original and reconstructed signal segments are plotted in Figure 1 . The estimated parameters of the signal are shown in Table 1 . The signal reconstruction is done by using the estimated parameters. The example is adopted from [16] . The sustained vowel sound /ooo/ is fitted by the sum of complex AM sinusoidal signal model. The original and reconstructed speech phonemes are plotted in Figure 2 . The estimated parameters of the signal are shown in Table 2 . The fitted models appear in complex conjugate pair for the real-valued signal. Figure 2 Original (top) and reconstructed (bottom) voiced phoneme /ooo/
Example 3 Unvoiced Speech Phoneme
The sustained consonant sound /fff/ is fitted by the sum of complex FM sinusoidal signal model. The original and reconstructed speech phonemes are plotted in Figure 3 . The estimated parameters of the signal are shown in Table 3 . The fitted models appear in complex conjugate pair for the real-valued signal. Figure 4 Original (solid) and reconstructed (dotted) ECG signals
Conclusions
Parametric representations of non-stationary signals by various feature-based models are demonstrated in this article. While parametric representation by a general model essentially leads to an estimation problem which is difficult to solve, parametric representation by a feature-based model often leads to an estimation problem which is tractable in computation. Therefore, the feature-based modeling approach may be the desirable solution for model-based signal processing. However, two important points should be mentioned here. First, when we consider different signals with varied features, we need to look for different models to capture the signal features. Secondly, we need to look for a model which is simple enough to provide a tractable solution of parameter estimation problem. At the same time, the model should not be oversimplified, which may cause a modelmismatch situation.
